Abstract
Introduction
Many engineering product designs consider derivatives to reduce the life cycle cost and to increase the efficiency of an operation when it has new demand [1] . New customer demands produce the need on derivative designs in order to reduce manufacturing and operational cost. However, user requirements can change drastically which can ultimately lead to the inability to respond quickly to these change. Modern engineering productsespecially extremely complex systems such as aircraft, are strongly influenced the structural analysis, aerodynamic analysis, propulsion systems, avionics, and other disciplines [2] . The design of new commercial aircraft constitutes a massive investment over a long development period. Considering changing customer requirements necessitates an efficient and reliable design process for derivative design. This research proposes an effective design process for derivative design to meet requirement changes from market demand. User requirements are analyzed and identified for quantity factors to select a target value. An expert system is implemented using a database of baseline designs and their derivatives to identify design trends for the new requirements [3] . In addition, a fuzzy logic function of the expert system defines the range of design parameters [4] .
The selected design variables and their ranges are utilized in a global sensitivity analysis. It increases the efficiency and accuracy of the global sensitivity analysis. The result from the global sensitivity analysis determines the necessary design parameters to accomplish the desired result [5] . Decreasing the number of design variables and their range reduces the calculation time and cost for redesign. In addition, the sensitivity analysis for the uncertain responses of the disciplines identifies specific disciplines that are sensitive to uncertainties in order to increase the reliability of Multi-disciplinary Design Optimization (MDO) results. These techniques are applied to the proposed derivative design process to increase the reliability and efficiency of the derivative design process.
Derivative Design
Derivative designs for engineering products provide a cost effective design approach [2] . Many researchers have studied the design of aircraft derivatives using several different approaches. Kumar et al (2006) identified the most important criteria for derivative designs using market requirement analysis, and considered altering constraints for the design problem [6, 7, 8, 9, and 10] . Secondly, Jonathan D. researched the generation of a Pareto frontier in order to identify the candidate product family members [11, 12] . Thirdly, Timothy W. Simpson et al (2002 Simpson et al ( , and 2007 ) employed a derivative design using a Multi-Objective Genetic Algorithm. The product platform and its corresponding family of products were simultaneously optimized using a genetic algorithm while considering levels of platform [13, 14, and 15] . Furthermore, James Allison et al (2006) , and Dongwook Lim and Dimitri N. Mavris (2007) researched other methods in order to design an aircraft family [16, 17] . The previous researchers considered the whole set of design variables simultaneously in order to design the baseline and its derivatives together. In addition, these researches considered derivatives on the conceptual design stage by assuming expected changes in product requirements. However, these assumptions may not accurately reflect future market changes. Furthermore, these frozen requirements for design would need to be redefined when considering derivatives for new requirements. The proposed derivative design process in this research obtains derivative designs as well as baseline product due to requirement changes while considering the selection of design variables. The efficiency and accuracy of the derivative design process can be enhanced by implementing these considerations.
Proposed Process
The proposed design process for derivative designs increases the computing efficiency and decreases the redesign cost. The expert system and the global sensitivity analysis methods identify the most necessary factors for the derivative design. Also, employment of the sensitivity analysis method and the uncertainty modeling methods increase the efficiency and accuracy of the MDO result by reducing of the number of design variables and disciplines. The whole procedure of derivative designs was shown in figure 1. Table 1 , was used for input. The expert system consists of the design variables, rules and results. For an input fuzzy function, these are normalized between 0 and 1 based on the database. 0 and 1 indicates the minimum and maximum values in the range respectively. Table 2 shows design variables and its normalized and real values. These parameters are from Cessna CJ1 aircraft [18, 20] . The target range of the derivative is 1557 NM (the normalized value is 0.20). For this value, each of the design variables from the results of the expert system is given in Table 3 . From these results, the ranges of each design variable were selected and are shown in Table 4 . 
Global Sensitivity Analysis
Using the results of the previous stage, sensitivity analysis is carried out to identify which design variables are important for complying with the new design requirements. The sensitivity analysis is used for various applications such as ranking the respective parameters in order of their relative importance to the response, and assessing changes in the response due to parameter variations. The sensitivity analysis is used for selecting the important design variables for local design changes in an aircraft derivative design [25] . In this research, the LHS/PRCC method and the eFAST method are used for global sensitivity analysis. The LHS/PRCC method is a sampling-based method that performs better than eFAST for a specific time point, reaching the same conclusions with much less computational cost. Moreover, it provides answers to questions such as how the output is affected if a specific parameter (linearly discounting the effects of the uncertainty over the rest of the parameters) is increased (or decreased). Thus PRCC can be informative on what parameters to target if it is wanted to achieve specific goals (e.g. control or regulatory mechanisms) [26] . The eFAST method is a variance-based method and it requires a greater number of model simulations. Also, when analyzing stochastic models, eFAST produces an artifact whereby aleatory variance is inappropriately partitioned to the total-order sensitivity index. eFAST, and all variance-based methods in general, indicate which parameter of uncertainty has the greatest impact on output variability. In other words, predictions will be strengthened if the uncertainty can be reduced to get better estimates on specific parameters of the model. This will also enhance any additional PRCC or sampling-based analysis because any regulatory or control strategy will be more reliable [26] . In this research, 489 cases were generated. The sensitivity analysis results of the LHS/PRCC method the eFAST results are shown in table 5. When the expert system is applied, aspect ratio, sweep back angle, main wing taper ratio, cruising speed and cruising altitude are selected. These selected design variables are used for the optimization method.
Design optimization under uncertainties
The Reliability-Based Design Optimization (RBDO) method and the Possibility-Based Design Optimization (PBDO) method were developed to consider the influence of uncertainties on a design optimization. The RBDO method is the prevailing approach in stochastic design optimization where the amount of input data is sufficient to create accurate input statistical distribution functions. When sufficient information of input data cannot be obtained, the probabilistic method cannot be used for reliability analysis and design optimization. For such cases, the PBDO method should be used for considering uncertainty in design optimization. PBDO uses a fuzzy function for modeling uncertain parameters and it is useful for cases which have insufficient data to generate the probability density function.
Reliability Based Design Optimization
The basic idea behind RBDO is employing numerical optimization algorithms in order to obtain optimal designs ensuring reliability [27] . When an optimization is performed without considering uncertainties, constraints that are active at the deterministic solution may induce a system failure. The reliable solution has a slightly higher function value than the deterministic optimization result, while satisfying targeted reliability levels in feasible design regions. In the RBDO method, the uncertainties are modeled using probability theory. The probability distributions of the random variables are obtained using statistical models. Defining uncertain variables as well as the failure modes are important to the implementation of RBDO. The probability of failure corresponding to a failure mode can be obtained or posed as a constraint in the optimization problem to obtain safer designs [28] . In system parameter design, the RBDO model can generally be defined as [29] 
The critical failure modes in the deterministic optimization are replaced with constraints on the probabilities of failure corresponding to each of the failure driven modes or with a single constraint on the system probability of failure. The reliability index, or the probability of failure corresponding to either a failure mode or a system, can be computed by performing a probabilistic reliability analysis [29] .
Possibility Based Design Optimization
For uncertainty with insufficient information, possibility-based methods have been introduced in design optimization. When there is insufficient information for input data, the possibility-based method gives more conservative design results than the probabilistic design [30, 31] . It can be a merit since a conservative optimum design is preferred when accurate statistical information is not available. There are two advantages in the fuzzy analysis compared to the probability analysis. First, the fuzzy input variables can be defined easier than the input random variables when there are not enough statistical data available. Secondly, extended fuzzy operations are much simpler than probability based methods especially when the number of variables is insufficient. The general formulation of PBDO was shown in below [30] .
RBDO and PBDO for Aircraft Conceptual Design
RBDO and PBDO algorithms were implemented to manage the errors associated with the traditional low fidelity analysis used in aircraft conceptual design. Error terms can be generated from comparing analysis results using empirical equations and a historical data base. These error terms were influenced on each constraint. RBDO and PBDO targets only active constraints, adjusting designs away from active constraints within the optimization scheme. In this research, approaching speed and take off field length are selected for constraints and these results of analysis module are compared with actual data of each aircraft. Cruise range of the aircraft is the objective function for the optimization problem. These errors are simulated PDF and fuzzy functions for RBDO and PBDO methods. The error distribution of the approach speed has a mean value of 1.0043, as well as variance and standard deviation of 0.0018 and 0.0423 respectively. In addition, the error distribution of the take off field length has a mean value of 0.9909, variance of 0.0019, and standard deviation of 0.0441. The target reliability index level is 3σ. Table 6 shows the deterministic optimization, RBDO and PBDO results. From this data, the RBDO and PBDO results were found to have lower cruise range than the deterministic optimization (CO) result. These results lay on a feasible region when the constraints were adjusted to consider the uncertainties while also satisfying the target reliability index level. The error terms from each discipline were not the same since the comparison of information was different. 
Conclusion and Future Work
In this study, an expert system as well as sensitivity analysis methods were applied to select the design variables for an aircraft derivative design. This design process is helpful for decreasing redesign cost for developing derivatives of a baseline aircraft. Furthermore, the RBDO and PBDO methods were applied to increase the reliability of the results when it has uncertainties in the analysis module. The process developed in this study is applicable to other types of engineering products and may save a considerable amount of time and effort for derivative designs. In the future, the desirable use of tools for each design issue should be tested and specified while a more flexible process to meet various customer needs should be established to handle uncertainties.
